Abstract. 1\Jutants of Escherichia coli K12 at the capR locus are mucoid, overproduce capsular polysaccharide, and are derepressed for synthesis of several enzymes involved in capsular polysaccharide synthesis'-' including GDP-mannose pyrophosphorylase.8 UDP-glucose pyrophosphorylase is also derepressed in a haploid capR9 mucoid mutant. Heterozygous mucoid partial diploids with the capR9 allele on the episome and the wild-type (capR+) allele on the chromosome (F'capR9/capR+) are derepressed for UDP-glucose pyrophosphorylase and GDP-mannose pyrophosphorylase, while the reciprocal nonmucoid heterozygotes (F'capR+/capR9) are repressed for these enzymes. These results provide evidence that the episomal capR allele is dominant with respect to synthesis of these two enzymes.
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A regulator gene (designated capR; previously designated R,' 2) controls the synthesis of capsular polysaccharide (mucoid) and several enzymes involved in capsular polysaccharide synthesis in Escherichia coli K12.1-3 The wild type is nonmucoid and contains low levels of the enzymes, while mutants at the capR locus are mucoid and contain derepressed levels of several of the enzymes of capsular polysaccharide synthesis. 2 3 8 The sugar components of the capsule are D-glucose, D-galactose, D-glucuronic acid, and L-fucose." 2 Independent experiments of Howard-Flanders, Simson, and Theriot,4 and Adler and Hardigree5 demonstrated that a mutation designated lon-caused E. coli K12 to become very sensitive to ultraviolet (UV) and ionizing radiation. These lon-strains are mucoid4 and after X-ray radiation form filaments that die. 5 It is now clear that the phenotype of capR and lon mutants are identical, i.e., mucoid and UV sensitive," 2, 4-7 and arise from the same mutational event."1 4, The lon-or capR mutants are not defective in repair of irradiated T14 or T7 bacteriophage (Uretz, unpublished data). The mechanism by which capR controls radiation sensitivity is unknown at the present time.
Genetic studies by Markovitz and Rosenbaum have demonstrated that a specific mutation, capR9, is dominant when on an episome but recessive on a chromosome. Thus a partial diploid strain with the genotype F'capR9/capR+ is mucoid, but a partial diploid strain with the genotype F'capR+/capR9 is nonmucoid. On the basis of this observation, a model for the capR gene product, was formulated.' The model, termed the active oligomer model, postulates that the capR gene product is a repressor protein composed of subunits and that only the aggregate functions as a repressor.1 In the context of this model it seemed important to determine whether or not episomal dominance could be demonstrated with some of the enzymes that are derepressed by the capR9 mutation.
The present communication describes the episomal dominance of the capR9 mutation on an enzymological level for the first time. In a separate report' it was demonstrated that GDP-mannose pyrophosphorylase, an enzyme involved in capsular polysaccharide synthesis, is derepressed in haploid capR9 strains. In this report it is shown that UDP-glucose pyrophosphorylase is derepressed in haploid capR9 strains. Moreover, in heterozygous partial diploids with capR9 on the episome, and capR+ on the chromosome, both of these enzymes are derepressed as compared to the reciprocal partial diploid.
Materials and Methods. Bacteria: All strains of bacteria were streptomycinresistant derivations of E. coli K12 (unless otherwise noted). Strain MC116 requires leucine, proline, purine, and tryptophan for growth, is not able to grow on lactose, and is bacteriophage T6-resistant, bacteriophage P1-immune, streptomycin resistant, and F-. Its genotype is leu-1, proC, purE, trp-1, lac-2, tsx-, str-12. Strain MC116 is nonmucoid and contains the wild-type allele (capR+) that controls mucoidness (capsular polysaccharide synthesis).'-' 9 Strain MC121 was constructed by transduction of the capR9 allele into a histidine negative derivative of strain MCI 16 as previously described.3 The donor and recipient strains used to make the partial diploids by F-duction were described previously.' Strain W3747 (streptomycin-sensitive) transfers the capR+ allele on its episome. Strain MC144 (previously designated S77-BM') and similar more-recently prepared strains were used to denote the capR9 allele. The leu+, trp+ transductants of strains MC100 and MC102 (previously designated strains X-156 and T72-C2)1 are haploid strains containing the capR+ and capR9 alleles, respectively, and were used as recipients.
Media: M-9 minimal medium'0 was supplemented as isomerase," UDP-galactose-4-epimerase,'4 GDP-mannose hydrolyase2 and GDP-ifucose synthetase2 were described previously. Modifications for the latter two assays along with details of preparation of GDP-4-keto-D-rhamnose (GDP-KR) used in this study have been described.8 The GDP-KR concentration was 0.05 mM in the GDP-ifucose synthetase assays reported here. All cultures for enzymatic analysis were grown to early stationary phase in liquid M-9 minimal medium with 0.6% glucose as a carbon source.
Cultures of haploids were grown at 23 or 350C while the partial diploids were grown at 35 or 370C as indicated. The reason for differences in temperature will be discussed later. The cells were harvested by centrifugation, washed twice in 0.05 M NaH2-Na2HPO4, Results. Derepression of UDP-glucose pyrophosphorylase in a haploid mucoid strain: One of the enzymes involved in synthesis of three of the nucleotide sugar precursors of capsular polysaccharide is UDP-glucose pyrophosphorylase. The results of Table 1 indicate that UDP-glucose pyrophosphorylase is derepressed in a capR type mucoid mutant as compared to the wild type (capR+). TDP-glucose pyrophosphorylase was also measured in two different capR9 strains and was derepressed two-to threefold as compared to the capR+ strain (data not shown). Derepression of UDP-glucose pyrophosphorylase and GDP-mannose pyrophosphorylase in heterozygous partial diploids: Previous studies showed that GDP-mannose pyrophosphorylase was derepressed in halpoid capR9 type mucoid strains as compared with haploid capR + strains. Therefore both GDP-mannose and UDP-glucose pyrophosphorylases were measured in mucoid F'13capR9/-capR+ and nonmucoid F'13capR+/capR9 strains in order to determine whether the level of these enzymes was affected by the relative position of the capR9 and capR+ alleles. The results, presented in Tables 2 and 3 , demonstrate derepression of UDP-glucose pyrophosphorylase (approximately 6-fold) and GDPmannose pyrophosphorylase (40-fold) when the capR9 allele is on the episome relative to when it is on the chromosome. These results demonstrate that the episomal capR allele is dominant and determines the quantity of UDP-glucose and GDP-mannose pyrophosphorylases synthesized.
It should be pointed out here that, due to the relative instability of these partial diploids,"5 it is essential to estimate quantitatively the proportion of cells of a given genotype in a culture which is to be assayed for enzyme activity. For this reason all heterozygous partial-diploid cultures assayed for UDP-glucose and GDP-mannose pyrophosphorylases were dilution plated both on media selective for the episome and on nonselective media, and the per cent of mucoid or nonmucoid clones determined (Tables 2 and 3 ). The data for the plating on nonselective media is omitted from the tables since there were no significant differences between the selective and nonselective platings in total plate counts and per cent mucoid clones. Thus, most of the cells had retained their episome in the last generation. The results show that of those cells that had retained their episome, most were of the expected phenotype. Discussion. The demonstration of the derepression of UDP-glucose pyrophosphorylase in haploid strains with capR mutations adds another enzyme to the list of those that have previously been found to be derepressed in these strains.2 3 8 Our analyses indicated a much smaller derepression of TDPglucose pyrophosphorylase. Nikaido has separated UDPG pyrophosphorylase activity from wild-type Salmonella into four peaks on DEAE-cellulose chromatography and they all have activity toward TDP-glucose. 6 Thus our small increases in TDP-glucose pyrophosphorylase may be a reflection of increased UDP-glucose pyrophosphorylase synthesis. The fact that none of the six enzymes derepressed in haploid capR9 strains (Table 4 and Results) was further derepressed in the F'capR9/capR9 strain provides no support for an activator type control mechanism' but does not rule it out. The results presented in Table 4 also indicate that, in capR+ strains, the specific enzymatic activity of UDP-glucose pyrophosphorylase is much higher than the three enzymes involved in synthesis of GDP-L-fucose. This is consistent with the fact that UDP-glucose pyrophosphorylase is necessary for synthesis of cell wall glucose and galactose while L-fucose is only found in the capsular polysaccharide.
The list of enzymes derepressed in capR mucoid mutants now includes UDPglucose pyrophosphorylase, UDP-glucose dehydrogenase (Lieberman, Shaparis, and AMarkovitz, submitted to J. Bacteriol.), UDP-galactose-4-epimerase,2 phosphomannose isomerase,3 GDP-mannose pyrophosphorylase,8 GDP-mannose hydrolyase, and GDP-L-fucose synthetase.2 The structural genes for some of these enzymes have been mapped previously and are widely separated from each other and from the capR gene which is linked by transduction to proC." 2, 7
The probable structural gene for phosphomannose isomerase (man), was found to map, by time of entry experiments, between the histidine and tryptophan regions of the chromosome.9 The structural genes for UDP-galactose4-epimerase (galE) and UDP-glucose pyrophosphorylase (galU)'8 map at different loci than either capR or man. Structural genes for the synthesis of GDP-L-fucose, UDPglucose dehydrogenase, and polysaccharide polymerase have not been mapped. Thus, the capR regulator gene controls the expression of several widely separated structural genes which are repressed in the wild-type nonmucoid strains, but become derepressed in strains with a mutation in the capR gene. Therefore, it was of particular interest to determine whether dominance of the episomal capR allele in partial diploids, which results in derepressed capsular polysaccharide production in the F'capR9/capR+ heterozygote but not in the F'capR+/capR9 heterozygote, extended to enzymes involved in capsular polysaccharide synthesis.
We must now discuss the UDP-glucose and GDP-mannose pyrophosphorylases separately. UDP-glucose pyrophosphorylase is derepressed approximately 13-fold in a capR9 strain compared to a capR+ strain and does not vary among cultures grown between 23 and 350C (Tables 1 and 4) . In the F'capR9/capR+ strain the derepression is approximately 6.5-fold compared to the reciprocal heterozygote (cultures grown at 35 and 370C, Table 2 ). The UDP-glucose pyrophosphorylase activity of the F'capR+/capR9 strain is repressed and very similar to the activity of either the F'capR +/capR + strain or the haploid capR + strain (Tables 2 and 4 ). Thus the dominance of the episomal capR allele is almost complete with respect to control of UDP-glucose pyrophosphorylase. In capR+ strains GDP-mannose pyrophosphorylase synthesis is greatly affected by the temperature of growth; the specific enzymatic activities are 110 at 250C8 and 5 at 350C. In capR9 strains the activities are derepressed at 250C8 and 350C and are very similar at both temperatures (ref. 8 and Table 4 ), approximately 2400. Although more variability was found with capR9 and F'capR9/-capR9 strains grown at 370C, the specific enzymatic activity is approximately 50 per cent that at 350C. The F'capR+/capR9 strain is repressed at 370 as is the F'capR+/capR+ and the haploid capR+ strain (Tables 3 and 4 ). However, the F'capR9/capR+ strain is derepressed; while the derepression is 40-fold with respect to the F'capR+/capR9 strain (Table 3) it is not maximally derepressed. We can estimate the percentage of maximum derepression assuming that the specific enzymatic activity at 370C in F'capR9/capR9 strains is 50 per cent of that at 350C as mentioned above. Thus, the value for F'capR9/capR9 is 1860/2 (Table 4) = 930. This figure is in good agreement with the actual measurements at 370C on the F'capR9/capR9 strain. 19 Then [(F'capR9/capR +)/(F'capR9/-capR9) ]100 = (130/930)100 = 14 per cent. Thus, the dominance of the episomal allele is not as complete with GDP-mannose pyrophorylase as it is with UDP-glucose pyrophosphorylase. In terms of the active oligomer model this might result from the same mixed oligomer repressor acting differently at different operator sites. These results verify one of the predictions of the active oligomer model (see below): that the control of polysaccharide synthesis in heterozygous partial diploids containing capR+ and capR9 alleles extends to control of protein synthesis (UDP-glucose pyrophosphorylase and GDP-mannose pyrophosphorylase). We have also measured the UV sensitivity of the partial diploids that contain capR+ and capR9. Surprisingly, both the mucoid F'capR9/capR+ and the nonmucoid F'capR+/capR9 strains are UV resistant although the haploid capR9 and the F'capR9/capR9 strains are very sensitive to UV.2 1 Thus only the presence of a wild type (capR +) allele is necessary to produce a UV-resistant phenotype. The basis for UV sensitivity or resistance associated with capR alleles is not understood. We have discussed possible explanations for these observations. 20 In 1965 Markovitz and Rosenbaum suggested the active oligomer model to explain the dominance of the capR allele on the episome with respect to polysaccharide synthesis' and, as noted above, the dominance has been extended to UDP-glucose pyrophosphorylase and GDP-mannose pyrophosphorylase derepression. The model suggested that the repressor is an oligomer (monomers are inactive) and that certain monomers specified by mutant alleles (capR9) could inactivate repressor made up mainly of wild-type (capR+) subunits.' Foley, Giles, and Roberts, also in 1965, described an in vivo negative complementation effect between wild-type and certain mutant alleles of adenylosuccinase in diploids of Aspergillus nidulans." It is clear that both groups invoked the same explanation to provide a molecular model for the results of genetic experiments.
Furthermore, both groups appreciated the predictive value of the model." 21 More recently certain mutations have been reinvestigated in the i-gene that controls f3-galactosidase production. Davies has mapped an anomalous class of igene mutants originally considered to be deletions of the i-gene and of part of the operator called "i-o c.*'22 Some of these are point mutants in the middle of the igene (designated i-d (for dominant)22) and are dominant to i+; i.e., the partial diploid F'i -dz-/i +Z+ makes $-galactosidase constitutively.23 Furthermore, a mutation designated iq (for quantity)23 was found to be dominant to is (pleiotropic negative, not inducible) and the partial diploid F'is/iq has a lac+ phenotype. Mifller-Hill, Crapo, and Gilbert prefer negative complementation in an active oligomer-type model involving subunit interactions to explain the above results.23' 24 Other recent examples of negative complementation have come to light in work with bacteriophage. Lieb suggested that the active oligomer model could explain the interaction of certain temperature-sensitive mutations and wildtype allele in the C1 gene, the immunity repressor, for bacteriophage X.25 Bernstein and Fisher investigated dominance in bacteriophage T4 using conditional lethal mutants of gene 37 which specifies a tail fiber structural component. 26 They found that various temperature-sensitive and amber mutants show different degrees of dominance in mixed infections with wild-type phage. These mixed infections resulted in a much smaller burst size than infection with wild type alone, and the progeny phage from the mixed infections had a slower rate of adsorption to bacteria than did the wild-type phage. These results were interpreted as indicating an interaction between wild-type and mutant polypeptides resulting in the formation of hybrid tail fibers in the progeny phage.26 Similar reasoning was applied to explain complementation data for mutant and wild-type bacteriophage T4-induced DNA polymerase.27 It thus appears that the phenomenon of negative complementation in an active oligomer-type model is applicable to other systems. It should be pointed out that there has been no demonstration of negative complementation in vitro using an enzyme although one would predict that it should be observable. Attempts to demonstrate nega-
